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B
:': I. INTRODUCTION
"

Diesel engine fuel injection systems are designed to inject fuel into the combustion
chamber in a precise and consistent manner. System requirements include precise

' ’ fuel metering, accurate injection timing, control of the proper rate of injection,

‘ proper spray pattern and fuel atomization for the given engine, and sharp :i“,;\,-
X * beginnings and endings of injection. Control of the above parameters is essential in il\‘
L preventing misfire, surge or overfueling, engine knock, smoking, deposition, and :'j\\

,','.{, lube oil contamination. In most combustion chamber designs, the fuel injection
a2 system must propel the fuel into the air to provide for good atomization but must
i not allow impingement of the fuel on surfaces within the combustion chamber.
EE Contaminated, emergency, alternative, and other off-specification fuels may have
N properties which cause degradation of the injection process and, in turn, adversely
E:.E affect the engine performance. The fuel properties which affect the performance
?_ of a given injection system include viscosity, specific gravity, and surface tension. b " g
.-\ The injector performance is generally measured in terms of penetration rate and ﬂ:,: X
E cone angle. ‘i-:::-\_
ﬁ ,.-::e:‘
- v Many computer models and empirical correlations have been developed to predict
? penetration and cone angle as functions of time with variations in fuel properties
:$ and nozzle designs. Major work recently done in this area can be classified in three
ﬁ groups: multidimensional modeling, phenomenological modeling, and empirical .
t; solution methods. }\:v}'
2 RO
> Multidimensional computer models involve numerically solving the conservation of e
mass, momentum and energy equations. They have little dependence on experi- :’:;
mental data, but require substantial computing effort to obtain results. Examples -
of this type of approach are: 1) The CONCHAS-SPRAY program at Los Alamos
National Lab; 2) the RPM-SPRAY program done by Gosman; 3) work done by
Bracco and Associates (1972-1976) (1)*; and, 4) the work of Hiraki and Rife.(2)
. Through this work, some insight was gained into the interaction of liquid inertia,

surface tension, and aerodynamic effects which leads to liquid atomization.

* Underscored numbers in parentheses refer to the list of references at the end of
this report.
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Another approach to modeling diesel sprays, termed the phenomenological ap-
proach, involves using the computer to solve simplified equations of spray
formation, air entrainment, and combustion phenomena. Generally, this approach
requires much less computing effort, but the simplified equations depend heavily on
experimental data, and apply only to restricted types of problems. Dent used one
such model in a specific diffusion combustion situation, where he was able to
define a structure of turbulence.(2) Singh, et al. (3) present a model numerically .

solving mass and momentum equations as in the multidimensional cases, but they

SIS YV R S

w s
x_.

NPT Oy Lo

used empirical equations for evaporation rate and drag force, and modeled only
injections into quiescent air. The Singh model might be considered a mixture of

multidimensional and phenomenological approaches.

e -
b N
5 -~
£ The least general of the diesel spray model approaches involves simply using "-:

experimental data to correlate spray tip penetration as a function of time, while

- 48
P

:: using jet disintegration theory to predict the effect of fuel properties and nozzle

E;‘.: design. Hay and Jones (4) reviewed several correlations previous to 1972, and :
_.: found that the Schweitzer (5), Wakuri (6) and Dent (7) correlations, which show :\
‘:; penetration proportional to square root of time, seem to be the most accurate. ‘;‘;
i .
j:: Rife and Heywood (8) later proposed that penetration is directly proportional to ;jj:ff:f:
:: time as long as the jet is continuous, and then varies as the square root of time. ::j:,-::f_
i: Hiroyasu (9) elaborated on that idea by defining a jet breakup length to distinguish :,
q the two possible regions, and came up with correlations for each. One slightly e
E different approach was that of Harrington.(10) He used spray penetration data to

::: correlate spray tip acceleration rather than the penetration itself and was thus

:: able to obtain better accuracy in tip acceleration and velocity results than those

::; who correlated penetration and tried to differentiate with respect to time.

Thus, researchers have used full-scale multidimensional models to understand the

L
L}

effects of various fuel spray parameters, phenomenological models to attempt

solutions of practical diesel spray situations, and empirical correlations to obtain
accurate prediction of fuel spray penetration in specific situations. From the work
of previously mentioned researchers, the following observations can be made about

those quantities which might affect fuel spray formation:
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p 1. Penetration tends to increase with pressure drop across the nozzle and

9
h with nozzle diameter, while decreasing with an increase in gas density.

This is demonstrated in Hiroyasu's correlations, shown below, which are

in the same form as several other correlations, and which agree well
N with experimental data.(9)
L
'
24P )
N $ =039 [—1t 1<ty WA
._‘. Pa : L9
O\ RN
2 oS0
' P
w P 1/4 T T
- $ =295 (A—) Dttt RO
) Pa St
N ey
N Where: S = Tip penetration o = Density of liquid :;:
; ) AP = Pressure drop across the nozzle pa = Density of gas LIRS
- t= Time Y D = Nozzle orifice diameter
- t, = 28.65 ——
I.J-.' uPaAP
oo
<, . - .
v Singh (3) also compares his mathematical model results to the above

correlation, and found they match closely, so apparently it is a good
::j- representation of the effects of AP, P and D.
o~
Dy 2. In general, for a constant flow rate of fuel those factors which increase
‘ penetration also tend to decrease cone angle. Logically, a more
N
:j streamlined jet with a small cone angle, less aerodynamic drag, and a
t: smaller cross-sectional area would penetrate faster. One example of
> this is shown below in another of Hiroyasu's correlations;(3)
& 2
- :
': 0p?2 1/4 Dy
"y, A =
~ Cone angle © = 0.05 (%T;——) kg = viscosity of air W
) . a ..
5 -
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Comparing this equation to the equation for penetration shows that AP
and D (which directly determine flow rate), have similar effects on
cone angle and penetration while the gas density has a completely
inverse effect. Viscosity of the liquid is one parameter not included in
most existing correlations for penetration. Edsell (11) did show,
however, that a vegetable oil with thirteen times the viscosity of diesel

fuel penetrated farther and had narrower cone angles.

3. Nozzle design has a significant effect on cone angle and penetration
because it directly determines the fuel flow rate, direction, and degree
of turbulence. The complex interactions going on make it difficult to
compare nozzle design features using experimental data, but Reitz and
Bracco (12) were able to show that orifice inlet sharpness increases
cone angle, while Hiroyasu (3) presented data showing that orifice
length causes cone angle to increase to a maximum and then decrease.

It is apparent from the literature that several spray models exist. Unfortunately,
application of these models is limited to very specific and well-defined injection
systems. Also the availability of information regarding the effects of fuel
properties on the injection characteristics is limited. The objective of this
program was to determine the effects of fuel properties on the spray characteris-
tics of Navy high-speed diesel fuel injection equipment. Since this program
involved investigation of four different injection systems of significantly different
design, the more empirical method of analyzing the results was adopted. Basically
for each injection system, fuel property effects were determined by comparing

penetration and cone angle data for each fuel.

II. SCOPE

A. High-Speed Diesel Injection Systems

The injection systems selected for this program were based upon a survey of high-
speed diesel engines in the Navy's inventory, Table 1. Four engines and their
corresponding injection systems were identified as being representative of

approximately 90 percent of the Navy's inventory. These engines are the Detroit
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TABLE 1. INVENTORY OF NAVY HIGH-SPEED DIESEL ENGINES

Engine Type Units* Injection Type
DDA/71 series 1028 DDA
DDA/149 series 82 DDA
DDA/53 series 135 DDA
Waukesha/L1616DSIN 21 Modified DDA
Waukesha/L161DN 2 Modified DDA
Hercules/DFXD 35 Bosch APE, Pintle
Hercules/DFXE 2 Bosch APE, Pintle
Cummins/NH-220 52 Cummins PT
Cummins/VA3000M 2 Cummins PT
MTU/8V331TC80 12 ND*#*
Buda/6LD468 2 ND
Westerbeke 4-107/4-108 351 CAYV, Pintle
Gray/4D129 8 ND
Gray/6D427 6 ND

¥ Taken from "Navy Shipboard Fuels Flexibility Program Task A," Tables 3-1 and
3-2.
** ND = Not determined.

Diesel Allison (DDA) 4-53T and 4-71TI, the Westerbeke/Perkins Chrysler 4-108,
and the Cummins NH-220.

The correspond’ _ injection systems for these engines are as follows: The DDA/53
and DDA/71 both use a unit-type injector. One of the major differences is the
style of tip used for each system. An N45 injector with a 6-hole tip is used in the
DDA/53 engine; while an N65 injector with an 8-hole tip is used in the DDA/71
engine. A standard Cummins PT-type injector with an 8-hole tip is used in the
NH-220 engine. A CAV-Lucas distributor pump with a pintle-type injector is

utilized in the Westerbeke engine.
B.  Test Fuels
The test fuels chosen and blended for this program were designed to cover a

relatively broad range of viscosities and specific gravities. The selected base fuel
was qualified to the current MIL-specification (MIL-F-16884H). This fuel was
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a Naval Distillate Fuel (NDF), obtained from the David Taylor Naval Ship Research
and Development Center. In addition to the base fuel, a specification Heavy
Marine Gas Oil (HMGO) and a standard DF-2 fuel were also selected as current
fuels that might be used as emergency fuels. The remainder of the test matrix
(eleven fuels and fuel blends) were blended to represent a range of fuel properties

that might be encountered in future fuels.

The fuel blends representing future fuel properties were blended to provide fuels
with viscosities at 40°C ranging from 5 to 19 ¢St and specific gravities ranging
from 0.86 to 0.89. Three levels of viscosities and three levels of specific gravities
were chosen. Using a full factorial test design, this portion of the test matrix
required nine fuel blends. An additional two fuels at the 5-¢St viscosity level were
included in the test matrix in order to provide a broader range of specific gravities

if needed.

The test fuels and their properties are listed in Table 2. Some fuels were obtained
that met the desired fuel properties, while others were blended with the base fuel
in order to obtain the desired properties. The fuels which required blending
included test fuel Nos. 3, 6, 7, 9, and 12. The fuels were blended as follows:

Blend 3 - TL-415-1 contains 45 percent TL-415 + 55 percent NDF
Blend 6 - TL-415-2 contains 94 percent TL-415 + 6 percent NDF
Blend 7 - TL-619-1 contains 82 percent TL-619 + 18 percent NDF
Blend 8 - TL-619-2 contains 99 percent TL-619 + 1 percent NDF
Blend 12 - TL-619-3 contains 39 percent TL-619 + 61 percent NDF

IIl. TEST EQUIPMENT

A device designed and assembled at Southwest Research Institute (SwRI) was used
to examine the diesel injection event in an environment thermodynamically similar
to that encountered in an engine. The system (Figure 1) consisted of an injection
and atomization bomb, an injection system drive and control system, and two spray
diagnostic systems. These spray diagnostic systems were high-speed movie system

and a laser droplet sizing system.
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‘ TABLE 2. PUEL INJECTION TEST FUEL MATRIX
’; -
b Test ASTM D 445 ASTM D 1298 -
5 Fuel Kinematic Viscosity Specifie Gravity %
v No. Fuel ID at 40°C, eSt at 15.6°C ”
- 0 Base Fuel (NDF) 2.75 0.849 &:
g 1 DF-2 3.02 0.846 7
- -
- 2 HMGO 6.2 0.874
- 3 TL-415-12 5.0 0.861
. 4 TL-309° 4.9 0.874 N
e~ .,
5 TL-126 5.0 0.891 {Er_
8 "w i
s 6 TL-619-1 12.8 0.857 ~
. 7 TL-415-2 12.5 0.869 ;-
8 TL-323 12.3 0.893 %
3 9 TL-619-2 19.5 0.859 NS
% 10 TL-671 19.5 0.870 N
h ]
11 TL-521 19.3 0.890 §,, \
e 12 TL-619-3 5.2 0.852 TR
N et
™ 13 TL-705 4.8 0.825 e
& BN
- KA
. #415-1 indicates a blend of Telura oils and F-76 base fuel. ::‘j: )

309 indicates the unadulterated Telura oil.

1-
’

A. Injection and Atomization Bomb

The purpose of the bomb was to allow observation of the characteristies of diesel-
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type fuel injection sprays in an environment which was at a density similar to that v
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encountered in an engine. An inert atmosphere of nitrogen was used to prevent
autoignition of the test fuel. The bomb had a eylindrical geometry with quartz-
glass end plates which allowed direct visual observation and optical measurement
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through the bomb. Adaptors were made so that the various injection nozzles could
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be installed in the bomb.
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B. Injection System Drive and Control System

The various injection systems were driven using a variable-speed electric motor
coupied to the injection system through an electrical clutch. Control systems were
built which allowed for timing and control of the various measurements relative to
the start of injection. The control system engaged the clutch based upon an
external signal from the high-speed camera and also was able to count the number
of cam revolutions and engage a brake after a specific number of revolutions or

injections. The control system was adjustable to obtain from 1 to 10 injection
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C. High-Speed Movie System G
.\:i\
K
The high-speed movies were taken using a Hycam II, 16-mm high-speed motion ::)\;
picture camera. The camera is capable of running 11,000 full frames per second ""ﬁ""‘
or, with the installation of a quarter framing control head, at 44,000 quarter R
: \ » -
frames per second. The camera, equipped with a Sigma Zoom lens (35 to 75 mm '_ij-}‘-:-
LACAS
focal length, f 2.8-2.4) and a 2X tele-extender, was positioned so that the lens was I{-‘,—:?j
focused on the center of the spray. Back lighting was provided through the ;"‘i
opposite window of the bomb using a 1000W tungsten-halogen lamp. For this :f.;\;:
program, 137-meter rolls of Kodak type 2498 RAR reversal, 16-mm film were used. .:.f':::
LSS
The movie film speed was set at 25,000 quarter frames per second, or 40 “\E:-i:
microseconds between frames. The camera was equipped with an internal switch F"""}
which closed when the camera was up to speed, thus activating the injection pump t."\. "
r._q:\-’.
drive. The movies of the spray were analyzed using a Vanguard motion analyzer, ::-:.::Z'
which allowed reduction of the penetration rate and cone angle data. These data :‘;.':::
Coras
were then entered into a computer-based data management system for manipula- LA
tion and storage. '_-':.-_'_-._’.-
D. Laser Droplet Sizing System :::._. :,'
-
. . Lk
Droplet size data were obtained using a Malvern particle sizer modified to R
LS
simultaneously measure the intensity of the forward-scattered laser light at o
several scattering angles. Simultaneous sampling made it possible to measure the :'-:.;-'-::
LA
drop size distribution in transient diesel sprays at any given instant, This \-:!;-':"7'-
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computer-operated system gathered and reduced the light signal intensity data and
provided various options for presentation of the size distribution data, including
normal, log-normal, Rosin Rammler, and model independent distribution functions.

IV. EXPERIMENTAL PROCEDURE

The procedure for obtaining high-speed movies of the injection process was
essentially the same for all injector-fuel combinations. The first step in testing
each injection system was to install the injector in the injection and atomization
bomb. Proper orientation of the injector in the bomb was necessary to prevent
impingement of the spray on the quartz windows and to prevent obscuration of the
individual jets. Multihole nozzles were orientated so that a clear view was
obtained of at least one spray. Once installed in the bomb, the injector was not
removed until testing was completed. This prevented any errors caused by
orientating the injector from affecting the results.

Since each injection system was of a different design, instrumentation of each

system was slightly different. However, in general there were several common

variables which were controlled for each system. These variables were fuel N g,\,zj:
temperature, pump or cam speed, fuel flow, and fuel pressure. Each of these :,f.;-':.
variables would be expected to affect the spray characteristics. For example, ';:"':tﬁ
changes in fuel temperature would alter the fuel viscosity and, therefore, affect \5.:::
the injection process. Since the main objective was to determine the effects of ‘,:f;:‘:;
fuel properties on diesel spray characteristics, an attempt was made to hold the _v.;"::
above variables constant for a given injection system. The value of these variables ;\i::
for each injection system are listed in Table 3. WLt

Slight variations in fuel flow did occur from one fuel to another due to changes in
fuel properties, mainly viscosity. It should be pointed out that it was not possible
to measure the fuel flow during the acquisition of the high-speed movie. Fuel flow

measurements were made before and after the movie and averaged together to

obtain an estimate of the fuel flow during the movie.

Briefly, the procedure for actually taking the movies was as follows. A solvent and
then the next test fuel were flushed through the injection and fuel system prior to
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f"f.'-f','}"'.‘.:l.: . -)':.. -’.-J, .f-'-._ IO _:a'\.;_\’:._\‘;. .'.. '.;_\. R _'.",‘. > _\f'.:_'.".'. COUNTETN TAT W
PPl - ¥ s Y A LR N A ERERIERR e A
St RV AR L LI A AT S BICIR AR S {.“- : PR N 5.,\..‘- e . ;
s A 3 5 A AN VRIS W e SIS W L rS Y YR SRS S LW



3 :::.'f::
\ TABLE 3. INJECTION SYSTEM VARIABLES RN
» \:\’:\
P DDA/53 DDA/71 Pintle Cummins A
) .."5.:
B Fuel Flow '.-_:{.EI;
. (mL/1000 strokes) 61.7 ¢ 1.2 101.7 + 2.8 239 £ .5 83.1 + 2.0 ::;;.
LA e x
. Pump or Cam Speed . ‘

N (rpm) 1800 2000 1200 1067 Roand
s _'.":\j-
2 Rack Full Full Varied N/A* i
- o
2. RAILT
Fuel Temperature S:;:_f

(°C) 36 29 37 24 L

’ KL
< Fuel Inlet Pressure it 3
h e (psi) 80 80 50 50%* L2
- Ao
Fuel Outlet Pressure ,:?.r}:

), (psi) 70 60 N/A N/A D
" e ld
- ¥ N/A = Not Applicable. A
» ** Fuel flow for Cummins injector is controlled via fuel pressure differential AL
across a metering orifice. This differential pressure was maintained at approxi- -j:-‘;s;
mately 50 pounds/sq. in. differential (psid). e
J A 4
) oY

.f H.:‘-i'\
-3 switching to a new fuel. This procedure prevented contamination from previous :C;-\.J_:
e,

| test fuels. The operating variables were then checked and adjusted if necessary. \ﬁq_ -
2 R
.r After the operating variables were set, a high-speed movie of the injection process t}:
[ -. &,
:I; was taken. Typically, film speed was approximately 25,000 quarter frames/sec, :\_{:::'
*» PRI
. Using 137-meter rolls of film, approximately six injection events were recorded ,‘\-Z.::.'
P

. per film. Penetration and cone angle data were taken mainly from the second and —
N third injections. Reasoning for this was that the first injection may not always be 'E.';:::f:
:: a good injection due to start-up effects and the later injections may be affected by ’,‘:_-::-j
.. A
: changes in the bomb conditions due to the previous injections. ::' :“
~ r .

2 A
(- V. EXPERIMENTAL TEST MATRIX -.::':":-
. ", AN
" The fuels matrix consisted of 14 fuels chosen to provide a wide range of viscosities '-‘
: and specific gravity. Nine of the fuels were selected to be tested during the high- ““E
’.
L. “: :j'
5 i
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speed movie phase of this program. These fuels were the basc fuel (NDF), DF-2,
HMGO, and Blends 5, 6, 8, 9, 11, and 13. These fuels represent the extreme points
of the fuels matrix with respect to viscosity and specific gravity. Each of the 9
selected fuels were run in each of the four injection systems using the procedure
previously described. High-speed movies were obtained of the injection process for

each fuel/injection system combination.

The bomb conditions for the injection event were 26°C and 1.57 mPa. The bomb
conditions were chosen to provide an environment density which was similar to that
which would be found in an operating diesel engine. Ryan and Dodge (13) have
shown that air density is one of the most important environmental parameter when

examining penetration and cone angle data.

The main objective of this study was to determine the effect of viscosity and
specific gravity on diesel spray characteristics. Testing at elevated temperature
was not performed, since this would lead to high evaporation rates which would be
dependent on the boiling point distribution of the fuel. In general, the boiling point
distribution of a fuel can be correlated with other fuel properties, particularly
viseosity. A fuel with a high viscosity will typically have a high boiling point
distribution. Thus at elevated temperatures, it would be difficult to distinguish
between changes in spray characteristics due to evaporation and changes in the
boiling point distribution or due to changes in viscosity.

The drop-size measurements were made using the pintle nozzle. The use of this
nozzle had several advantages. Since the direction of its spray is along its own
axis, this nozzle was easy to orientate for the drop-size measurements. This
particular nozzle also has a hollow-cone spray which is less dense than the jets
which are observed for the other three injectors. Thus obscuration was less of a
problem with the pintle nozzle. An abbreviated fuels matrix was selected and
designed to indicate viscosity effects while minimizing the variation and, hence,
the effect of specific gravity. The selected test fuels were the base fuel (NDF),
HMGO, and Blends 7 and 10. Because of the possibility of spray impingement on
the windows affecting the drop-size measurements, these tests were not made
while the injector was mounted in the bomb. A simple holder was used to support
the injector while the measurements were made. The conditions for these

measurements were 26°C and atmospheric pressure.
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VI. DATA ANALYSIS

High-speed movies were obtained of the injection process for the four different
injection systems operating on nine test fuels. Each movie was examined, and tip
penetration and cone angle data were measured using a Vanguard Motion Analyzer
for each frame of the injection. By knowing the film speed, the penetration and
cone angle data could be related to time. The penetration distances obtained from
the motion analyzer had arbitrary units referred to as motion analyzer units
(MAU). A scale was placed in the injection bomb next to the injector tip so that it
could be seen in the films, thus the factor for converting MAU's to millimeters
could be determined directly. Penetration distances and cone angle data were
corrected for viewing angle if the direction of the spray was not parallel to the
plane of the camera. This was necessary since penetration rates would appear to
be lower if the spray was directed toward the camera.

The penetration and cone angle data, having been tabulated as functions of time,
were then entered into the computer for each fuel/injection system combination.
These data were then analyzed for each injection system. The analyses of the four
injection systems are discussed separately in the following sections. Penetration
versus time data is tabulated in the appendices for the Westerbeke, the DDA/53,
and the DDA/71 injection systems. The Cummins penetration data are summarized
in the section describing the Cummins data.

A. Westerbeke 4-108 Injection System

Analysis of the penetration data for the Westerbeke injection system (pintle
nozzle) was relatively straight forward. For the pintle nozzle, the penetration
distance was directly proportional to time as illustrated in Figure 2. This figure
shows the tip penetration for the NDF fuel as a function of time. As illustrated,
the penetration rate was constant and is given by the slope of the line. All fuels
exhibited the same trend of constant penetration rate. Fuel-to~fuel comparisons
were, therefore, easily made by comparing penetration rates for each fuel. Table 4
is a listing of the penetration rate for each fuel along with its viscosity at the test
temperature and its specific gravity. Also included in Table 4 are the fuel flow

rates for each fuel during the movies,

*.rt.l;‘ e v
L LG
.
W ST
'l

R



AW A

ARSI S

-

gy

AAA | AAALL

bd E XXXy

T VLY
s

PENETRATION (Millimeters)

- N (7] > [+
o o o =) g o
o — " 7T

(=

FIGURE 2. SPRAY TIP PENETRATION VERSUS TIME FOR
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TABLE 4. PENETRATION RATE DATA FOR PINTLE NOZZLE

FOR EACH TEST FUEL

o

Ay,

AN,

::" ) ) Penetration
~ Viscosity Specific Fuel Flow Rate Rate

X Fuel (eSt) Gravity (mL/1000 stroke) (mm/msec)
#. NDF 3.45 0.849 23.6 102.41

2 DF-2 3.78 0.846 24.6 101.85

- HMGO 8.60 0.874 24.4 101.85

F Blend 5 6.59 0.891 28.6 101.59

> Blend 6 20.60 0.857 23.1 90.14

2 Blend 8 19.63 0.893 23.1 89.73

EZ Blend 9 35.02 0.859 24.7 93.27

32 Blend 11 29.86 0.890 23.6 91.95

By Blend 13 6.35 0.825 23.9 103.09
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The penetration rates in Table 4 are plotted versus the fuel viscosity in Figure 3.
As shown in Figure 3, as viscosity increased, the penetration rate tended to
decrease. There appears to be some scatter in the data, as plotted in Figure 3.
However, it should be realized that certain fuels had different specific gravities
and fuel flow was not quite constant for all fuels.

105

NOZZLE = PINTLE

-—
o
o
T

PENETRATION RATE (mm/msec)

o5 |
a
i o
90 |- Lo
85 i 1 Y 1 4 . i L M i —
2 8 14 20 26 32 38

VISCOSITY AT TEST TEMPERATURE (cSt)

FIGURE 3. PENETRATION RATE VERSUS VISCOSITY FOR
PINTLE NOZZLE

To separate the effects of specific gravity and fuel flow, a multiple linear
regression was performed. The model is shown in Equation 4:

dP/dt = by + by {vis) + bg (spgr) + b3 (FFLW) (4)

where: dP/dt = penetration rate (mm/msec)
vis = viscosity (eSt)
spgr = specific gravity
FFLW = Fuel Flow Rate (mL/1000 strokes)
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The results of the regression analysis are shown in Table 5. Among the results are
the estimated coefficients of the regression equation, the standard error of the

TABLE 5. REGRESSION ANALYSIS OF PENETRATION RATE VERSUS
VISCOSITY, FUEL FLOW RATE AND SPECIFIC GRAVITY
FOR PINTLE NOZZLE

(R? = 0.8780, STD ERR = 0.2571) ~
RSy

Variable Coefficient Standard Error t-Statistic p-Value ":‘f.'
. R
y Intercept 1.124652 6.336315 0.177 0.8661 ;:{_-:-:.-_:
| Viscosity ~0.039983 0.008281 -4.828 0.0048 i
. Fuel Flow Y
" Rate 0.405605 0.162712 2.493 0.0550 ’
:: Specific :
8 Gravity -0.545382 4.406204 -0.124 0.9063 -
3 e
;‘; coefficients, and a t-statistic for each coefficient (the ratio of coefficient to its ‘:'.:
" standard error). A large absolute value of the t-statistic for a coefficient indicates S
i that the particular term is important and helpful in predicting the dependent N
Ef variable, dP/dt. A small t-statistic indicates that the particular term does not ;ft_
t contribute to predicting the penetration rate and its coefficient has an increased ;:-'::E:.
:: probability of being zero. The decision on whether the t-statistic is large or not is I:;E::‘;:-
h_ typically based upon its associated p-value, which is also contained in Table 5. W
E: Generally, a t-statistic with a p-value greater than 0.05 is considered small and :}_‘\:.:
f:: indicates that particular variable can be eliminated from the regression equation :::::.‘,
:. with little or no effect. -\
. "
. As indicated in Table 5, both the intercept and specific gravity have p-values
S greater than 0.05, meaning these terms have little value in predicting the penetra-
N tion rate. These terms were removed from the regression equation resulting in the
. final equation in the form of Equation 5.
f; dP/dt = by (vis) + by (FFLW) (5) :;22
) N
; The estimated coefficients for this regression equation are shown in Table 6. The '-.'?'

negative coefficient for viscosity indicates that as viscosity inereases, the penetra-
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TABLE 6. REGRESSION ANALYSIS OF PENETRATION RATE VERSUS
VISCOSITY AND FUEL FLOW RATE WITH NO INTERCEPT
FOR PINTLE NOZZLE

(R% = 0.999, STD ERR = 0.218)

Variable Coefficient Standard Error t-Statistic p-Value
Viscosity ~-0.040300 0.006505 -6.195 0.0004
Fuel Flow

Rate 0.433180 0.005071 85.417 0.0001

tion rate decreases. The effect of viscosity on the penetration rate at constant
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: fuel flow is illustrated in Figure 4. This is in agreement with previous work.(13)

'.

' The positive coefficient for fuel flow indicates that higher fuel flow rates have

z higher penetrations. It should be noted that even though the variation in fuel flow

’4

;

z

Z» - 105

;‘: Q dP/dt = 0.433180(FFLW) ~ 0.0403(VIS)

I . g |

" -:\v:\-l'

: 00t RS

:n ':\':\.::-

. E A

) ~ L .\..-_.,_

i /—FFLW = 23.95 S

3 B9t i N nay
< \ oA
ac e

; z | . e

p o ‘ e

) .: 90 = \ ’ R

N et

" o

w | L

t Wi
4

N a.-l 85 . 1 R L . 1 ] A 1 —

: 2 8 14 20 26 32 38

. VISCOSITY AT TEST TEMPERATURE (cSt)

;

r

{ FIGURE 4. EFFECT OF VISCOSITY ON PENETRATION RATE AT

e CONSTANT FUEL FLOW RATE FOR PINTLE NOZZLE

A o

4 .

4 ‘-

¢ S

’ .

i 21 <

:' %.‘n

L T e T N o NN

S 5 2C N N SN ML I MR I NI I IEIT SN B ST DY 2 S S S e ot i S S ,"}}}7:-};"}‘,'::\}u“i‘-:\::\i\i\';\','.:i




".7.5.-.-".,.('_'1'.-' EalP i B v i

was small (less than 3 percent), it had a significant effect on the penetration rate.
This variable is often incorrectly ignored when analyzing this type of data.

Cone angle data for the pintle nozzle was not quite as straight forward to analyze
as the penetration data. Obtaining the penetration data from the high-speed
movies requires that only one judgment be made: the location of the tip of the
spray. That is simply a matter of determining which point represents the tip of the
spray. When estimating the cone angle, more difficult decisions must be made in
defining the lines that represent the lower and upper boundaries of the spray.
Obviously, measurements of both the penetration and cone angle require some
judgment. In general, the more difficult the decision, the more variation there is
in the measured value.

One method for eliminating measurement variability is to average the measure-
ments to obtain a single value. For the pintle nozzle, the cone angle data for
frames 10 through 14 were averaged for each injection. This single value for the
cone angle represents the average cone angle from approximately 400 to 500
microseconds after the beginning of injection. In general, the cone angle during
this period was fairly constant, and slight variations were mostly random in nature
and not dependent on time. The average cone angle was determined for the
second, third, and fourth injections. These three values were then averaged to
obtain a single cone angle estimate for each movie. These data are tabulated in
Table 7 and plotted versus fuel viscosity in Figure 5. As illustrated in the figure,
the broad variation in viscosity had little effect on the cone angle.

Drop-Size Measurements on Pintle Nozzle: Generally, increases in fuel

viscosity lead to increases in drop sizes in sprays. Since evaporation times are
proportional to the drop diameter squared, increased viscosity could result in
increased evaporation times. Increased evaporation times could lead to poorer
starting, reduced efficiency, and increased soot formation in diesel engines,
depending upon the engine design. The effects of viscosity on atomization have
been widely documented in many gas turbine and oil burner nozzles, but very littie
information exists for diesel sprays. The fact that diesel sprays are both
intermittent and extremely dense, at least in multihole injection nozzles, combine

to make spray drop size measurements very difficult. In fact, for sprays into
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TABLE 7. AVERAGE CONE ANGLE DATA FOR PINTLE NOZZLE

Average
Film Fuel Cone Angle
030601 DF-2 6.5
] 030801 NDF 6.1
030802 HMGO 5.8
0308065 HMGO 5.5
031101 Blend 5 6.2
031102 Blend 6 7.3
031103 Blend 8 5.5
031201 Blend 9 5.6
031202 Blend 11 5.6
031203 Blend 13 5.3
040401 Blend 13 4.7
040402 DF-2 5.2
) 8 S
—_ NOZZLE = PINTLE -
o
)
o o )
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FIGURE 5. AVERAGE CONE ANGLE VERSUS FUEL VISCOSITY FOR
PINTLE NOZZLE
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atmospheric pressure air, high-resolution photography performed at SwRI indicates
very poor and incomplete atomization with many large ligaments throughout the
core for multihole nozzles even on standard diesel fuel.(13) At the edge of the
spray, the ligaments break into drops typically ranging from 5 to 30 micrometers in
diameter. For injection into higher pressure air, the fuel jet is mostly optically
opaque due to the increased fuel drop density, but some ligaments are still
observed at the very edge of the spray.

The pintle nozzle was selected for the drop-size measurements because it had a
geometrically simple spray pattern (one spray on axis) and a relatively transparent
spray. To make measurements in the intermittent spray, the Malvern automated
laser-diffraction drop sizing instrument was modified to simultaneously freeze and
hold the diffraction signatures on all 30 detectors at any instant in time, adjustable
from zero to 10 milliseconds after the needle lift signal. These signals are
acquired over a period of 10 microseconds and held until the multiplexer reads the
signal level and reports the value to the computer. This variable time-delay
system allows temporal variations in spray quality to be accurately monitored. For
these tests, a delay of about 0.7 mseec was necessary before any of the spray
reached the measurement location at 51 mm from the nozzle tip. An additional 0.3
msec delay was required to allow the transient interface at the tip of the spray to
pass by the sample location.

Data were recorded at 51 mm (2 in.) from the nozzle tip through the centerline of
the spray, and at a time of 1 msec after needle lift. Significant fuel effects on
atomization were observed as shown in Figure 6, with increased viscosity resulting
in larger drop sizes, Two averages are shown in Figure 6, the volume median
diameter and the Sauter mean diameter. The volume median is that diameter for
which one-half of the spray volume is contained in drops whose diameters are

smaller than the median value and the other half of the spray volume is in drops

larger than the median. The Sauter mean diameter represents the diameter of a

'_ fietitious uniform (monodisperse) spray having the same total droplet surface area
Cd

'}\. and volume as the actual spray. The droplet surface area and volume determine
“»

f.:-' the evaporation rate, which is the reason that Sauter mean diameter (SMD) is
’I . . .

;:;,: commonly used to characterize average drop sizes in fuel sprays. The large

P difference between the volume median diameter and the SMD indicates that the

v

K'I'

e

7

s 24

w

'.‘.‘

., ) . ]

T L T T T T T e e T N L N D LT N S N T s

< CuTe e
......

T e T .
PO L PN N -".\1'- LIRS N I )

et

SN
A

TN

»

o
e
IARA

L

SN b
I‘.-'i
L N

.". vy

2

]

e v
"

1’.” B

‘.‘“‘ ..‘Al * -

300, 8, ‘-_ﬂv

LN

P T
0
.

l‘l
,1
)

. .

LI

et
.

- a
l‘.-
“\
-

')
4yt Y

'I
>

AP
(AL AR
)
S8,
“r ‘e
2 3

..
‘o
-

-,
.

i

oy

’ h',

oo L
.

e

" n.’.l“v ,V"'. ..'1,../..{|.""{I
,1"'"0 g0t

AT SADEA

YA % %0 ey
LA
~

» > 2P

st
"
.'\J



FETATITI A
a7

——
L \. .
) —~ 'Q:.\-"
g £ 30 g e
3, .'E-' OVolume Medion Diometer A ﬁ“:
1% 3 DO
g o Souter Mean Diameter ey
"D E Delagy = 1.0 msec fr‘;-'",,'l
y K] S~ .:_\J,x‘
P > x - ',\’ ‘
N e 20 E :fﬁﬁ::
Y g g :(EQ:
- r= L [m} .
. A
t".' § a g ::::::“
2 S ':'".r
% 3 10F ¢ g
LR VoA
; li‘ Ty s s{\'.'.
=]
¥ g | R
1 v" > :“n\
4 AR
o« o S
' o 0 \ 1 N i R L . ,,-'\ L
o 2 0 10 20 30 40 P
n VISCOSITY AT TEST TEMPERATURE (cSt) St
[ FIGURE 6. EFFECT OF VISCOSITY ON ATOMIZATION FOR f.'-. \
e PINTLE NOZZLE -
i
N .:Ei:
;.':,, drop-size distribution of the spray was fairly broad. Typically, the viscosity effect ‘:.:A:\-
i on SMD for pressure swirl atomizers (gas turbine or oil burner nozzles) is ,_,
S;:' correlated in a form SMD ~ (vis)" , with the value of a being approximately 0.25. If }}E
- RAN
T the same form is used to correlate these data, the value of a is 0.30 and the :'.:f.:
N correlation coefficient in log-log space is 0.985, with 1.0 being a perfect E.';:"

1)

correlation. Thus, the relative effect of viscosity variations on atomization in the

!
)

e :
\:: pintle injectors can be estimated from this relation. ,::.:"'
3 :.r.
G B. Cummins NH-220 Injection System J
o

_‘; Fuel sprays from a Cummins PT Injector are inherently different from those of

,. injectors with plunger/needle assemblies, (e.g., DDA/53), in that they have no

' easily recognizable start of injection. The commonly used plunger/needle assem-

o ) blies employ a plunger moving downward to compress fuel, and a spring-loaded

\E needle to open when fuel pressure is high enough to overcome the force of the

::.-f spring. The start of injection is easily defined at this point, and injection proceeds

?::: continuously until fuel pressure drops again and allows the spring to close the

needle.
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A

&
';: Cummins PT injectors do not have spring-loaded needles to seal off the fuel from
3. the orifices in the tip. In the Cummins injector, this sealing function is performed
by the conical tip of the plunger which seats in the tip. When the plunger is raised,
}'8 fuel is allowed to flow for a specified length of time into the barrel or cup region.
E: This metering period occurs during the latter half of the intake stroke and most of
¥ the compression stroke. When the plunger begins moving down, it seals off the fuel

inlet port and forces the fuel out of the cup region through the spray tip. The
amount of fuel injected is determined by the pressure of inlet fuel and the time

>

?: allowed for inlet fuel metering. During the metering process, fuel is flowing into
i.h the cup region which communicates directly with the combustion chamber via the
. nozzle orifices. A significant amount of air can enter the cup region during
::-'Z: metering causing an inhomogeneous compressible mixture to be formed which,
f. when forced out the spray tip, results in spurts and pulses of fuel rather than a
% continuous spray. Observations of the high-speed movies show that often the spray
23 pulses several times making it difficult to determine when injection begins and
'.:}_ what its characteristics are until it moves a significant distance from the nozzle
i‘i tip. This particular problem was more prevalent in the bomb than it would be in an
- engine, since the bomb was maintained at the elevated test pressure during the
_ metering process.

2

:{: The high-speed movies confirmed that these pulses occurred in each injection
."-: event, usually as a sequence of several short bursts followed by one long, steady
. pulse. Figure 7 presents data from a typical injection where the spray tip of this
g final pulse could be distinguished from the cloud caused by previous pulses. This
:I example shows that fuel from the main injection pulse travels faster than fuel from
> the previous pulses, and eventually overtakes it approximately 30 mm from the
2n nozzle tip. Beyond the 30-mm region, only one spray tip could be distinguished--
f\ made up mostly of fuel from the main injection pulse continuing at the same
a penetration rate. It was concluded from this that the latter part of the injection
-.E (after the spray has traveled about 30 mm) represents the main injection pulse

unobscured by previous pulses. For this reason, all the spray penetration data
presented here was taken when the spray tip was in the 30-60 mm range (using the
average of second and third injections), and cone angle data was taken at
corresponding locations (using the second injection). Penetration rates were

calculated using a least square technique to determine the slope of penetra-
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- tion/time curves. Cone angles in the 30-60 mm range were averaged to give a

single cone angle for each injection.

Results obtained for cone angle and penetration rate calculations are summarized
in Table 8 along with the fuel properties, viscosity and specific gravity. Since

TABLE 8. PENETRATION RATE AND CONE ANGLE DATA FOR
CUMMINS INJECTOR FOR EACH TEST FUEL

Fuel Flow Average
(mL/1000 Viscosity Specific Penetrate Rate  Cone Angle
Fuel strokes) (eSt) Gravity (mm/msec) Degrees
Inj.
No. 2
DF-2 83.0 4.40 0.846 20.08 11.4
NDF 80.3 4.10 0.849 16.44 11.3
HMGO 81.5 10.23 0.874 35.92 16.3
Blend 5 85.2 7.94 0.891 32.67 13.2
Blend 6 85.3 25.78 0.857 36.78 15.6
Blend 8 85.3 23.38 0.893 68.82 14.1
Blend 39 81.8 40.82 0.859 72.74 14.8 SAED
Blend 11 82.1 40.24 0.890 77.42 12.9 .:.:‘f.'_-:.
Blend 13 80.0 7.64 0.825 21.32 13.2 -.’:;.:
:.-:‘_.r',:a
SIS
o 4
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specific gravity and fuel flow changed only by a small percentage, it is difficult to ::-*\‘:

determine whether they have a significant effect. Viscosity, however, varies over :‘{.ﬁ

a much larger range, and a plot of penetration data versus viscosity, shown in ?"‘"‘

Figure 8, indicates a definite trend. As shown in the figure, the penetration rate ":-::-

1} .I e

increases with increasing viscosity. . :'.Ef'::

e
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Cone angle data, on the other hand, did not appear to correlate well with any of v,

O

the fuel properties studied. The average cone angle data from Table 8 is plotted ——

versus viscosity in Figure 9. As shown in Figure 9, the average cone angle appears el
‘ to increase initially and then decreases at the higher viscosities. :,.‘-_Z::
:“ '.\‘.';
P C. DDA/53 Injection System -y

N4
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A

la

» o~
& Unlike the pintle nozzle and the Cummins injector, the penetration data for the :-;\
I Detroit Diesel injectors were not directly proportional to time throughout the ‘f\j\

o)
ﬁ entire range of data. This is illustrated in Figure 10 in which the tip penetration of ¥y
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e
the base fuel is plotted versus time. Although the penetration data initially appear ::jf:.'s::
to be linear with time, the tip penetration rate eventually decreases, thus :s:_.f‘
introducing curvature. This actually is very common and has been reported by ._.:..;.
several researchers.(g,g,lil_) The explanation of this trend comes from the observa- A

\{"c b

tion that initially the fuel spray is actually a solid core of liquid. After a certain

."-"f;
distance, air entrainment results in the widening of the jet and ultimately leads to _‘; ‘
break-up of the liquid core into drops. These two regions can be differentiated in ,:" _
Figure 10 by the change in slope of the penetration data. A

L

"}.:.r...r,
The point at which this change in slope occurs, the jet break-up length, can be oot 2

estimated by locating the intersection of two straight lines fitted to the two
regions of the penetration data. This method is illustrated in Figure 10 for the
base fuel. The break-up length, the time that break-up occurs, and the penetration
rates for both regions of the curves are listed in Table 9. Also listed in Table 9 is
the fuel viscosity at the test temperature, the fuel flow rate, and an average cone
angle for each fuel. The cone angle shown in the table was obtained by numerically

averaging the cone angle of the spray between 400 and 550 microseconds.

The initial penetration rates in Table 9 are plotted versus fuel viscosity in Figure T e

11. As indicated in the figure, there was significant amount of scatter in the data :::"‘

for the lower viscosity fuels. Therefore, it did not appear that any variation in ’::‘;:-;‘l-:

LA AL

initial penetration rate could be attributed to variation in fuel visecosity. Multiple -;:;:

A WA

linear regression techniques were also unable to attribute the variation in initial T

Y e

penetration rate to any of the independent variables (viscosity, specific gravity, or :.\;:::::.

variations in fuel flow rates). :::',-:_':::'

codad

NN

LA 4

The jet break-up length might be considered a better parameter for examining the S ‘

effects of fuel properties on spray characteristics since the break-up length ;'.‘.:'Z"-:?_:

indicates how far from the nozzle atomization occurs. Ideally, the atomization :C::\-Z:

ey

should occur as close to the nozzle tip as possible, thus a short break-up length is RGN

Sy SN

;" desirable. . .
Y RN
AN

3 Figure 12 indicates the effect of viscosity on the break-up length. As illustrated, -:-.-‘\-::
‘ . . . . . . e
« it appears that an increase in viscosity tends to increase the break-up length. ;:',-::‘.;_.
PN
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The average cone angle data for each fuel is plotted versus fuel viscosity in Figure
13. As shown in Figure 13, an increase in viscosity resulted in a decrease in the

average cone angle.
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FIGURE 13. AVERAGE CONE ANGLE VERSUS VISCOSITY FOR
DDA/53 INJECTOR

Typically, a decrease in cone angle results in an increase in the penetration rate.
Since the cone angle data was averaged during the period of time between 400 and
550 microseconds, the appropriate penetration rate to examine would be the rate
during this period which would be after break-up. The penetration rate after
break-up is plotted versus fuel viscosity in Figure 14. As viscosity increased, the
penetration rate decreased. This trend is opposite the expected effect and could
be related to a viscosity-related change in the internal dynamics of the injection

system or in the jet break-up process.

D. DDA/71 Injection System

The spray characteristics of the DDA/71 injector (N65) are very similar to the
spray characteristics of the DDA/53 injector (N45). As illustrated in Figure 15, the
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tip penetration for the base fuel was, initially, linear with time. At approximately
25 mm, the liquid core breaks up and the tip penetration rate decreases. This
effect was also evident for the DDA/53 injector. Therefore, analysis of the
DDA/71 data is very similar to the analysis of the DDA/53 data. Table 10
summarizes the penetration rate and cone angle data for each fuel. Also included
in the table are the viscosity, fuel flow rate, the break-up length, and the time at

which the break-up occurs.

The initial penetration rate is plotted versus fuel viscosity in Figure 16. As with
the DDA/53 injector, the initial penetration rate for the DDA/71 injector does not

appear to be related to the viscosity of the fuel.
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FIGURE 16. INITIAL PENETRATION RATE VERSUS VISCOSITY FOR
DDA/71 INJECTOR

Figure 17 illustrates the effect of viscosity on the break-up length for the DDA/71
injector. An increase in fuel viscosity resulted in an increase in the break-up
length. This trend is in agreement with that observed for the DDA/53 injector.
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The effect of viscosity on the cone angle is illustrated in Figure 18, which is a plot

of the average cone angle versus fuel viscosity. As indicated by the figure, as ‘\
4_' viscosity increased, the average cone angle decreased. The decrease in cone angle :S,
o was accompanied by an increase in the penetration rate, as indicated in Figure 19. :\’

| As viscosity increased, the penetration rate after break-up increased. _ ’
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VIL. DISCUSSION ST

A. Pintle Injector

o Analysis of the pintle nozzle penetration data indicated that statistically signifi- R
q cant changes in the penetration rate occurred due to changes in fuel viscosity. In .&f

* the most extreme case, there was a 14-percent difference between the predicted

penetration rate (Equation 5) of the base fuel, with a viscosity of 3.45 ¢St and \:.:2.
Blend 9 with a viscosity of 35.0 eSt. Physically this means that the tip of the spray EEEZ"-
for the NDF would take 0.488 msec to penetrate 50 mm into the combustion f‘-’l-:
chamber, while Blend 9 would take 0.558 msee. The time difference would be 0.07 ;’f_';
msec or approximately 0.5 crankangle degrees at 1200 RPM. This presentation is ::'_'-':Q_::::?
not entirely accurate due to elevated temperatures and turbulence in the combus- \‘«'“
tion chamber that would affect the actual penetration. However, for the sake of :\-\f
argument accept these values and consider what effect these differences would Selele
have on engine performance. :J‘:-""'v_“
A I

g
s
y

As stated in the introduction, fuel impingement upon the piston or cylinder wall
- could lead to reduced efficiency and durability problems. Since the test fuels
tended to penetrate at a slower rate than the base fuel, it would appear that
impingement would not be a problem with the Westerbeke 4-108 engine. Impinge-
ment, however, would a'~» be a function of drop-size distribution of the spray since
this would control the evaporation rate along with fuel volatility. The drop-size
measurements indicated that the more viscous fuels tended to have a spray with a
larger drop-size distribution. In the engine, the larger drops would not evaporate
as quickly and, even though they penetrate at a slower rate, they might survive
long enough to impinge upon the piston or wall. With the current data, it is not
possible to predict if any of the test fuels would present durability problems due to
impingement. Information on the penetration rate or the drop-size distribution at

elevated temperature is required.

Combustion of the fuels is another area which will be affected by the spray :
characteristics. As previously indicated, it takes the most viscous fuel 0.07 msec .
longer than the base fuel for its spray tip to reach 50 mm. This slight delay might ;
be expected to effect the fuel-air mixing and thus the ignition delay. Elevated %r—

[
<O
b

;
:
E
!
\
E
!
:
:'
|
:
!

l'l-.\.l. "'-" \1 '!!<5~~- - ..
( } ..‘ . ' < \ '1 '\ ."- '.}'- _“-"‘."‘.‘ LA Coe Tt A P T P L I L T (L ‘\"‘
3y \\ -‘. .\.\.\ ‘ N & J“- R DR T AL .,._- AR AL AL SR
IR S TS . AR WL RH . ABANKUA AL SRS
~Q‘{ R TN ,ﬁ“,(- ~ ( PRSI P L YN S e e A A AT
0oy "\'C\.a\. 1% Y A Y S N ‘A..*. ST 5/ S/ A iy SR GRS N ST S S




Al
- 3

yorsh A%

T

-

A Ja g g

SCRTA LT0Eh

.“:A: .I‘s..‘. .‘ \|

e A

[ o Ay e

ZEP LTS,

rh N
g o~
aa

FAA A

FYF R WV RS S g a?ea’etLs

‘

temperatures do have a slight effect on penetration rate.(13) As temperature
increases, the tip penetration rate decreases as a result of disappearance of the tip
due to evaporation. This, of course, gets back to the atomization characteristics

(drop-size distribution) which affects the evaporation rate.

The cone angle measurements showed no correlation with the fuel properties which
were examined. The explanation for this might be in the technique used to take
the high-speed movies. This technique involved backlighting of the spray so that
the spray would appear as a dark shadow on the film. The backlighting technique
typically is used to detect the dense liquid phase core of the fuel spray.(14) It is
not expected that using this technique would allow accurate definition of the less
dense fringes of the spray. The fringe area would be affected by the degree of
atomization which is fuel dependent. Other lighting techniques (14) have been used
to detect the less dense liquid phase and vapor phase fuel. These techniques may

provide a better method for determining the cone angle of the fuel sprays.

B. Cummins Injector

The effeet of viscosity on the penetration rate for the Cummins PT injector was
opposite the effect in the pintle injector. In the Cummins, as viscosity increased,
the penetration rate increased. The viscosity effect was relatively large with the
tip penetration rate of the most viscous fuel being more than four times the
penetration rate of the base fuel. This would indicate that the more viscous fuels
would have a greater probability of impingement, particularly if the drop-size
distribution follows the same trend as in the pintle injector. Unfortunately, drop-
size information was not obtained for this injector and would be difficult to acquire

due to the nature of the spray as described previously.

C. DDA/53 and DDA/?1 Injectors

As indicated previously, the fuel sprays from the Detroit Diesel injectors were
themselves very similar in nature but had significantly different spray characteris-
ties than the Cummins or pintle injectors. The main difference was the presence
of two distinet flow regions of the fuel spray. The fuel spray began as a solid core
of liquid coming out of the nozzle orifice. The liquid core eventually broke into
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drops due to air entrainment. The length at which the break-up occurred was . \‘,
shown to be related to the fuel viscosity for both nozzles. As fuel viscosity :_‘::_'i"‘

increased, the break-up length also increased. There was some scatter in this data . iR
indicating that the break-up length might be related to another parameter (i.e., v :-‘
surface tension) which was not investigated. I:'&;
RS
- A change in the break-up length could affect engine performance. Certainly if the ) :J
break-up occurred in a relatively short distance, there would be more time E'::
available for evaporation of the drops. A longer break-up length, therefore, could ._f?.::-\.;'
lead to fuel impingement or poor ignition. This naturally would depend upon the }',j
relationship between fuel viscosity and the drop-size distribution after break-up . ’ _
has occurred. i{
R
The cone angle of the spray for the DDA injectors was shown to decrease as i:.é.:
viscosity increased. Examination of Figures 5 and 9 indicate the effect of viscosity e
on cone angle was very similar for the two DDA injectors. It was interesting to ";:
note that the cone angle decreased as viscosity increased from 5 to 14 ¢St but then _..\:
appeared to increase as viscosity increased from 14 to 23 eSt. For both injectors, ‘::-"';?_2
- therefore, there appears to be some curvature in the cone angle versus viscosity i\ﬂ:
data. :::::::i;.“
It is hypothesized that this curvature is not a physical phenomena but a result of 2_5\::

the technique used to obtain the high-speed movies and measure the cone angle. b
As previously indicated, the backlighting technique of taking the high-speed movies .‘:“t_:‘i
is generally used to detect the dense liquid phase core of the fuel spray.(14) :E".?‘a
Generally, the center of the fuel spray appears as a dark shadow in the high-speed :\:%;
movies with the area outside of the spray appearing white. These two regions, the ;'__r_‘
center of the spray or completely out of the spray, are easily defined on the high- l‘-::.'-f.'*
: speed films. The fringes of the spray, however, generally appear less dark than the -:\S
" center and are, therefore, more difficult to define. The darkness of the fringes ,_:.';;:
» depends upon the degree of obscuration of the light. Through the center of the (U
E spray the light is totally obscured and thus it appears black. The obscuration of ‘?.E:'?
‘ light at the fringe would be dependent upon size and concentration of the drops on :'\:'.‘,:;:
; the edge of the spray. It would be expected that the larger drops would have a .S:-s:
4 greater effect on the light passing through them and provide a higher degree of Lﬁ;
;
" :f:j(::;
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obscuration, thus making the fringe area easier to define. Smaller drops would not
obscure as much light and, therefore, a small drop-size distribution might lead to
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under estimating the actual cone angle.

A
[N S
.

The drop-size distribution would be expected to increase as viscosity increased. If :
there was a significant difference in viscosity and hence, drop-size distribution, for X
two fuels, there could be a considerable difference in the accuracy of the cone .
angle measurement for those fuels. The trend would naturally depend upon the
drop concentration and its relationship with the fuel viscosity. However, it is
possible that drop-size variations could induce a systematice error in the cone angle

measurement. -

2 P

E: The penetration rate after break-up was shown to be affected by viscosity for both 'C-:-Z-:'_:

{3 DDA injectors. For the DDA/53 injector, an increase in viscosity decreased the \\d_

Y o penetration rate. The penetration rate increased for the DDA/71 injector as e
:;: viscosity increased. An increase in penetration rate with an increase in viscosity
" would be the expected trend, particularly since cone angle was observed to
decrease with an increase in viscosity. In general, a decrease in cone angle is

accompanied by an increase in penetration rate. =4

S

s

VIIL. SUMMARY AND CONCLUSIONS N

The drop-size distribution and evaporation rate data are important spray PN

characteristies in determining the effect of fuel property changes on engine
performance. Fuel property effects on the spray characteristics which reflect

drop-size distribution and evaporation rates were determined for four injection
nozzles used extensively by the Navy. Viscosity was shown to effect the '
penetration rate, cone angle, and drop-size distribution. Specific gravity was not

observed to have an effect on the above parameters. RO

Penetration data for the pintle nozzle were directly proportional to time. Com- s
parison of the rate of penetration for each fuel indicated that as viscosity N
increased, the penetration rate decreased. The changes in fuel viscosity had no ' -,.\-_".j
observable effect on the cone angle. The lighting technique (backlighting) used for 0 5

N TINNONN

TR h
- e \‘h"-

My
RN S RN
Atdk_c&icd




e X8 0 A NS A T A S S S DAY -
N T T T T Ny N e

i

\
.I

obtaining the high-speed movies was not well suited for determination of the spray

cone angle.

Drop-size measurements were successfully made on the fuel spray from the pintle
nozzle. An increase in the drop-size
distribution. The Sauter Mean Diameter (SMD) of the fuel spray was observed to
increase from 6.5 micrometers at a viscosity of 3.0 centistokes to 12.5 microm-

in viscosity resulted in an increase

eters at 35 centistokes. Since droplet evaporation times are proportional to the
drop diameter squared, this increase would be expected to have a large impact on

fuel-air mixing and combustion.

Changes in viscosity had a large effect on the penetration rate for the Cummins
injector. The penetration rate increased from 20 mm/msec to 75 mm/msec as the
fuel viscosity was increased from 3.0 centistokes to 40 centistokes. At viscosities
above 10 centistokes, an increase in viscosity resulted in a decrease in the cone
angle of the fuel spray. For viscosities below 10 centistokes an increase in
viscosity appeared to result in an increase in cone angle. The lighting technique
would again be expected to affect the measured cone angle particularly at the

lower viscosities where atomization is good and the drop sizes are small.

The spray characteristics of the Detroit Diesel injectors were very similar. These
injectors differ from the pintle and Cummins injectors in that two distinet flow
regions can be identified. The transition from one region to the other is
characterized by a break-up length. Prior to the break-up length the spray exists
as a solid liquid jet; air entrainment leads to break-up of the jet into drops. A
relatively long break-up length would indicate poor air-fuel mixing and would lead
to poor ignition and combustion.

Several spray parameters were determined for fuel-to-fuel comparisons. These

were the initial penetration rate, the break-up length, and the penetration rate
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g after break-up. The initial penetration rate was not found to be related to the
y viscosity of the fuel for either injector. The viscosity did, however, appear to
o . . . . . .
" affect the jet break-up length; as viscosity increased, the jet break-up length )
- »' B
r increased. Since the break-up length is one parameter which characterizes T
E atomization, an increase in the break-up length would be expected to affect fuel- e
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air mixing, ignition, and combustion. The magnitude of this effect cannot be

determined from the spray data.

The penetration rate after break-up was affected by the visocisty. For the
DDA/53 injector an increase in viscosity resulted in a decrease in the penetration
rate after break-up. An increase in viscosity increased the penetration rate after
break-up for the DDA/71 injector. The cone angle of the fuel spray for both

injectors was found to decrease as viscosity increased.

IX. RECOMMENDATIONS

Drop-size measurements at elevated temperatures need to be made for the
different fuel-nozzle combinations. Different lighting techniques for taking high-
speed movies of the injection process need to be examined for obtaining the most
information on the spray fringe area. Combustion experiments are required to
quantify the effect of break-up length on ignition and combustion.
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APPENDIX B
FOR THE DDA/53 INJECTION SYSTEM

PENETRATION VERSUS TIME DATA FOR EACH TEST FUEL
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FILM NUMBER: 120302 SPECIFIC GRAYITY: . 2748
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FILM NUMBER: 120403 SPECIFIC GRAYITY: 2251
v FUEL NUUMBEK: BLEND 13 FUEL TEMPERATURE, (: 35.0
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Y. 553.49 34.19 547 .93 33.07 553,43 33.74 e
N 593 .95 34.43 583.45 40,22 032,96 39,43 TR
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322.76 44,83 212,26 47.53 327 .76 50.50 NN
363,24 45,89 952,73 43.20 353, 23 S2.12 '




FILM NUMBER:

FUEL NUMBER:

NOZZLE TYFE:

VISCOSITY,

INJECTION NUMBER :

cSt:

TIME PEHETRATION
{ms> {mm)
7.57 1.00
43,04 5,32
38 .52 1.4¢
128.99 14,24
169.47 18,37
209,34 22.56
251,42 25.03
290.39 26,58
331.37 27.70
271 .34 243,95
412,32 30,90
452 .73 33.43
493 .27 35,58
533.74 37.19
574.22 39.24
514,89 40,70
555.17 41.72
535 .64 43,22
736.12 44 .60
776.59 45,19
317.07 46,39
357.54 47 .52
398.02 42.43

n.n‘\ - .\-. .‘--\ RO b v -

BLEND 5
DDA_S3

5.55

INJECTION NUMBER 3

SPECIFIC GRAYITY:
FUUEL TEMPERATURE,

FUEL FLOW,

Stk

INJECTIGN NUMBER 4

TIME PENETRATIOH
“m3) cmm?
26,19 3.659
&5 .66 9.29
167 .14 14 .57
147 .61 13,52
138.09 20.7¢6
228.548 24 .18
289, 04 25,44
309,51 22,71
343,99 30,04
390 .46 31.47
430,94 33,33
471,41 35.87
511,29 33,07
552,356 39.49
592.34 1,29
5633.31 42 .43
673.7% 44, 35
714 .26 45,79
754 .74 46 .77
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315,64 51.53
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FILM NUMBER: 120702 SPECIFIC GRAVITY: L3571 §2¥~
2 . ) LG
Y FUEL NUMBER: BLEND & FUEL TEMPERATURE, 35.0 BosRy
’ S
i
3 NOZZLE TYPE: DDA_S3 FUEL FLOW, mLZ1000 Stk 52.5 ¢§3§
. nrde
v ..‘.11
VISCOSITY, cSt: 14,89 haiii
-, ‘..:\._:.:
A AN
N
. INJECTION HUMBER 2 INJECTION NUMBER 3 INJECTION NUMBER < Tl
’ NN
.
‘A NN
b, TIME  PENETRATION TIME  PENETRATION TIME  PEHETRATION PR
:- {ms) Cmm) ims) <mm) <ms) Lmmo) I::-‘ o
’ e
X
] }
- 19,14 1,16 3,32 2,66 31,33 3,32 RN
. 59,62 3,62 78,79 S.46 72.31 5,42 s
= 100,09 7.49 119,27 10,49 112.783 19,95 R
Y. 140,57 11,82 159,74 15,07 153, 26 15,15 N
v 181,04 16,17 200,22 19,45 193.73 21.33 PR
221,52 19,85 240,59 23,93 234,21 26.19 7~y
261,99 23,63 281,17 26,82 274,68 23,98 Tay
L 302,47 26.80 321,64 23.75 315,15 23.30 RSN
S 342,94 27.20 362,12 30,15 355,63 29,23 PSR S
T 283,42 2510 402,59 2830 396, 11 30.97 ey
o 423,39 22,93 443,07 29,76 436,583 33.23 533%
464,37 31,34 433,54 32,22 477,06 35.75 e
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Y~ 545,32 34.59 564,47 35,22 555, 01 40,03 T
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< 626,27 37.31 645, 44 38,77 633, 96 41.53 RSN
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707 .22 40,560 726,39 41,33 713,91 42.39 <
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S 738,17 42,14 207, 34 43,07 200,36 45,23 e
2 828,54 42,57 347,352 44,17 341,33 45.66 NS
* 369,12 43,42 A8, 29 45.24 231,51 46.52 NN
e 903,59 44,33 923.77 47,73 922,28 47 . &7 RN
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FILM NUMBER: 052801 SPECIFIC GRAYITY: , 3445
FUEL NUMBER: DF2 FUEL TEMPERATURE, ©: 33.0
NOZZLE TYPE: DDA_71 FUEL FLOW, mLA1000 3tk: 37 .0
. YISCOSITY, cSt: 2,09
INJECTION NUMBER 2 INJECTION NUMBER 3
TINE  PENETRATION TIME  PENETRATION
M3 ) "mm? Cms) cmm)
25,31 2.3 21.90 1,32
65.71 5,29 &1.80 5,13
105.61 10.52 101,70 3,23
145,51 14,32 141.60 f2.58
, 185. 41 17.95 131,50 14,38
225.31 20,55 221.40 13,51
265,21 24.11 261,30 23.17
305,19 27.24 301,20 25,80
245, 01 29,39 341.10 28,15
334.%91 31.42 381,00 29,561
424,81 33.20 420,90 31.43
464,71 34.74 450,80 33,31
504,61 37.02 300,70 34,55
540.60 36,38
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FILM NUMBER: 061901 SPECIFIC GRAYITY: . 3488 L
" MO
: FUEL NUMBER: DFH FUEL TEMPERATURE, C: 39.0 A
e ™

[ - LY !.\

! NOZ2LE TYFE: DDa_71t FUEL FLOW, mLAt0O0D Stk Y 00,5 g§~~«
. G AY

. YISCOSITY, cSt: 2,34 L

- P,

<o R v

. S

v '-‘?I:?

2 INJECTION NUMBER 2 INJECTION NUMBER 3 o
8 RSNy

. A

2 RS

L DAY

b TIME  PENETRATION TIME  PENETRATIUON R
f {ms) Cmm) ‘ms) Cmm) SO
o, ) \*\
2NN
. ' K
» EY
K - ) — T
! 27.83 1,383 33,07 2.74 s
X 67.73 4.32 72.97 5,04 )
-2 107.53 9.11 112,87 10,49 A
M 147 .53 13.45 152,77 15.24 el
187.43 12,38 192,67 19,44 =

. 227 .33 21.99 232.57 22,94

2 267 .23 24,21 272.47 24,34

> 307.13 24,55 312.37 27,59

- 247.03 28,07 352.27 29, 41

386.93 29.77 392.17 30.05
426,83 30.61 432.07 1.t
~; 466,73 32.57 471.57 32,90
N 506.63 33.55 511.87 35.05
o S46.53 34,50 5S1.77 35.77
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FILM HUMBER: 0561302
FUEL NUMBER: HMGQ

NOZZLE TYPE: DDA_71
YISCOSITY, cSt: 6.38

INJECTION NUMBER

INJECTION NUMBER

SPECIFIC GRAVITY:

FUEL TEMPERATURE,

FUEL FLOW, mL/1000

A7 45
3.0 ~
o~
Stk 1251

-

s,

TIHE PENETRATION

{ms52 Cmm )

TIME PENETRATION

21.25 1.48
61.15 4.27
101.05 2.5
140,55 12.95
130,83 17,96
220,75 21.78
250.65 24,33
300.55 28.12
240.45 30.18
330,33 32.37
420,25 34.10
450.15 35,30

o B D1 AR RO

Cms 2 Cmm)
17.62 1.14
58 3.72
97.43 7.89
137.38 11,93
177.2%8 t6.77
713 21 .21
57.03 24 .35
96 .98 28,71
36,38 31.52
76,73 33.68
16,568 34.39
S6.53 36,28
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FILM NUMBER:

FUEL NUMBER:

NQZZLE TYPE:

cSt:

051903
BLEND S
pDDA_V71

5.26

INJECTION NUMBER

AL Sad Tl Gl s i g ML af & et g i)

SPECIFIC GRAYITY:
FUEL TEMPERRTURE,

FUEL FLOM,

INJECTION HUMBER

TINE PENETRATION
ms?? {mm?

32.23 3.39
72.13 7.60
112,03 11.7

151.93 15.79
191,83 19,21
231.73 23.7¢
271.83 25.395
311.53 29. 11
351 .43 30,45
391 .33 32.32
431,23 34,00
S N

j- VAR

334,54
424,44

TIME PENETRATION
Lms??
25.44 2.
34 9.
24 9.
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! FILM NUMBER: 061904 SPECIFIC GRAYITY: (3571 £
¥ FUEL NUMBER: BLEND 6 FUEL TEMPERATURE, C: 36,0
4
1 NOZZLE TYPE: pDA_71 FUEL FLOW, mL/1000 Stk: 1032
i . VIBCOSITY, cSt: 14,89
:
-
A
3 INJECTION NUMBER 2 INJECTION NUMBER 3
é
'3
04 TIME  PENETRATION TIME  PENETRATIGN
Eg (ms) (mm) Cms) ‘mm>
>
% 18.03 .81 13,42 2.57
+ 57.93 2.50 53, 39 3,10
V7 97.33 10.34 93,29 12,08
% 137.73 14.49 133,19 15,50
) 177.63 18,62 178, 0% 20.47
{3 217,53 23,00 217 .99 24,95
257.43 27,29 257,89 27,05
297,33 23.38 297,79 25.47
337.23 31,10 337.69 30,72
377,13 32.51 377.59 32.73
417.03 24,98 417 .49 35,24
456,93 36.90 457 . 37 35,78
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FILM NUMBER: 062401 SPECIFIC GRAVITY: L3927 T
FUEL NUMBER: BLEND 8 FUEL TEMPERATURE, C: 3g.0
NQZZLE TYPE: DDA_71 FUEL FLOW, mLA/1000 Stk: 1601.5

YISCOSITY, cSt: 13.23

INJECTION NUMBER 2 INJECTION NUMBER 3

.

"-
,-
TIME  PENETRATION TIME  PENETRATION e
{ms) {mm? {ms Cmmo e
-
_.~ o
-‘.“'."‘.
33,05 3.02 23,86 1.82 RSANAN
72.95 5.67 83,75 4.86 SN
112.85 10.49 103,68 8.79 NN
152.75 13.52 143,56 12.05 NN
192,65 17.70 133,456 15,85 A
232.55 22.37 223,35 13.75 BCRRTRG
272,45 26,76 263,28 24.95 e
312,35 29.26 303.184 29,37 s
352.25 21,67 343,06 32.14 ':":f;::
392.15 33.35 382,96 33.35 ol
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FILM NUMBER: 062402 SPECIFIC GRAYITY: 1536
FUEL NUMBER: BLEND 3 FUEL TEMFERATURE, C: 39.0
NOZZLE TYPE: DDA_71 FUEL FLOW, mL/1000 Stk: 1018
. YISCOSITY, cSt: 20.30
INJECTION NUMBER 2 INJECTION HUMEER 3
TIME  PENETRATION TIME  PENETRATION
{ms) ‘mm) ‘msy Y mm 2
R
23,05 1.62 22,33 1.98 Moo
62.95 4,41 AR,23 4,77 SRS
102.385 3.17 103,13 3,26 NN
142.75 12,18 143,03 11.86 Nia
i 182,65 15,95 187 .93 17.15 i
222,55 22.09 227 .83 22.2% e
262 .45 26.97 267.73 25,03 a0y
302.35 25.59 307.53 29.79 A
342.25 31.89 347.53 31.13 NN
332.15 34.67 337.43 33. 04 AN
422,05 35.99 427.33 34.73 2Tt
451,95 33,584 487,23 37,09
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FUEL NUMBER:

NDZ2ZLE TYPE:
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YISCOSITY,

4

) AT AN

062501
BLEND 11
DDA_7

22.7¢
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FILM NUMBER: 052502 SPECIFIC GRAYITY:
FUEL NUMBER: BLEND 13 FUEL TEMPERATURE, ©:
NOZZLE TYPE: ooA_71 FUEL FLOW, mbLA1000 Stk

. YISCOSITY., cSt: 5.37

s,

INJECTION HUMBER 2 INJECTION NUMBER 3

)

TIME PENETRATION TIME PENETRATION
{ms) Cmm) (ms ) Y mm )

‘.
-

]
) 19.23 1,22 23,53 i 39
< 59.13 3.78 53,53 3.75
= 39,03 7 .38 103,43 7.69
2 135,93 12.34 143,33 12.23
) 179,83 15.63 123, 23 16.77
218,73 20.45 223,13 21.12
258.63 23.3% 263,032 24 .22
298,53 26 .26 302,93 26.74
238,43 23.10 342,33 29.27
378,33 31.25 332,73 31,33
418,23 32.60 422,83 33,35
458,13 33.70 462,53 34,22
498, 03 35.77 S02,43 35.73
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| FILM NUMBER: 070301 SPECIFIC GRAYITY: L3458

. FUEL NUMBER: DFM FUEL TEMPERATURE, ©: 7.0

. NOZZLE TYFE: DDA_71 FUEL FLOW, mLA1000 Stk: 39 .1

| VISCOSITY, cSt: 2,94 )

f INJECTION NUMBER 2 INJECTION NUMBER 3

) TIME  PENETRATION TIME  PENETRATICON

. {ms>) Cmm ) g <mm)

|

'i '—»’.

g 14,92 .37 17.31 .80 s

N 54,82 3.19 87.71 2.59 RSN
g 94,72 7.15 97,61 6,81 s
3 134,62 11.29 137.51 10,38 e
i 174.52 15,09 177,41 14,83 . F

- 214,42 19,320 217,31 17,89

' 254,32 21.38 I57 .24 22.83

’ 294,22 23,74 237,119 27 .49

: 334,12 26.13 337,04 23.76

- 374,02 23.62 376,91 31.05

’ 413.92 21,15 416 .81 32.47

- 453,82 32.35 455, 71 33,44

5 493.72 35.03 436,61 34,44

. 533.62 27.04 S36.51 361

. 573.52 33.73 STE .4 37.97

. 613.42 40.60 16,31 33,79

) 553,32 42.60 656,21 41,95
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FILM NUMBER: 070902 SPECIFIC GRAYITY: 3536
£t
Ea FUEL NUMBER: BLEND 9 FUEL TEMPERATURE, ©: 34,0
u ¥ .
q
f? NOZZLE TYPE: DDA_7 FUEL FLDW, mL/1000 Stk: 1014
b
.! . VISCOSITY. cSt: 25.17
N
Ny
L._‘ |
(e
E&; INJECTION NUMBER 2 INJECTION NUMBER 3
2
" TIHE  PENETRATION TIME  PENETRATION
05 Tm3) <{mm?) Tms Cmm)
21.47 2,00 23.17 1.64
51.37 5,72 £3.07 4,45
101.27 11.19 102.97 3.63
141.17 16.78 142.87 14,28
. 181.07 19,35 182,77 17,35
- 220.97 22,91 222.57 19,49 RS
N 260.87 27,13 262.57 24.72 N
o 300.77 30,19 302.47 23,24 PRGN
Eq 340.67 33. 01 342.37 33.90 RO
“ 330.57 35.33 38z, 27 35.75 o
g 420.47 36.75 422.17 38.60 -
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DEPARTMENT OF DEFENSE

DEFENSE TECHNICAL INFORMATION
CTR

CAMERON STATION 12

ALEXANDRIA VA 22314

DEPT. OF DEFENSE
ATTN: OASD (A&L) (MR DYCKMAN) l
WASHINGTON DC 20301-3000

CDR

DEFENSE FUEL SUPPLY CTR

ATTN: DFSC-Q (MR MARTIN) 1
DFSC-DF (MR FRENCH) 1

CAMERON STATION

ALEXANDRIA VA 22304-6160

CDR

DEFENSE GENERAL SUPPLY CTR

ATTN: DGSC-SSM (MR REYNOLDS) I
ATTN: DGSC-STC (MR DOYLE) 1
RICHMOND VA 23297-5000

MY R R ate st o oaalt S mxit_wwns
J
. N

DOD

ATTN: DUSDRE (RAT) (Dr. Dix) 1

ATTN: ROOM 3-D-1089, PENTAGON 1
s WASHINGTON DC 20301

DEFENSE ADVANCED RES PROJ
AGENCY

DEFENSE SCIENCES OFC i

1400 WILSON BLVD

ARLINGTON VA 22209

" DEFENSE STANDARDIZATION OFFICE

- ATTN: DR S MILLER L
N 5203 LEESBURG PIKE, SUITE 1403

> FALLS CHURCH, VA 22041

DEPARTMENT OF THE ARMY

HG, DEPT OF ARMY
ATTN: DALO-TSE (COL BLISS) 1
. DALO-TSZ-B (MR KOWALCZYK) |
DALO-AV [
DAMO-FDR (MAJ KNOX) 1
DAMA-ARZ (DR CHURCH) 1
DAMA-ART (LTC RINEHART) l
WASHINGTON DC 20310
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MASTER DISTRIBUTION LIST

CDR
U.S. ARMY BELVOIR RESEARCH,
DEVELOPMENT & ENGINEERING CTR
ATTN: STRBE-VF 10
STRBE-WC 2
FORT BELVOIR VA 22060-5606

CDR
US ARMY MATERIEL DEVEL &
READINESS COMMAND

ATTN: AMCLD

AMCDE-5G

AMCDE-SS

AMCQA-E

AMCSM-WST {(LTC DACEY)

AMCIP-P (MR HARVEY)
5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

p— e e e pa e

CDR

US ARMY TANK-AUTOMOTIVE CMD

ATTN: AMSTA-RG (MR WHEELOCK)
AMSTA-TSL (MR BURG)
AMSTA-G i
AMSTA-MTC (MR GAGLIO),
AMSTA-MC, AMSTA-MV
AMSTA-UBP (MR MCCARTNEY)
AMSTA-MLF (MR KELLER)

WARREN MI 48397-5000

——

DIRECTOR
US ARMY MATERIEL SYSTEMS
ANALYSIS ACTIVITY
ATTN: AMXSY-CM (MR NIEMEYER)
AMXSY-CR 1
ABERDEEN PROVING GROUND MD
21005-5006

—

DIRECTOR

APPLIED TECHNOLOGY LAB

U.S. ARMY R&T LAB (AVSCOM)

ATTN: SAVDL-ATL-ATP (MR MORROW) |
SAVDL-ATL-ASV 1

FORT EUSTIS VA 23604-5577

CDR

US READINESS COMMAND

ATTN: J4-E !
MACDILL AIR FORCE BASE FL 33608

BFLRF No. 210
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DIRECTOR

US ARMY MATERIEL CMD
MATERIEL SUPPORT ACTIVITY
ATTN: AMXTB-T (MR STOLARICK)
FORT LEWIS WA 98433

CDR
US ARMY GENERAL MATERIAL &
PETROLEUM ACTIVITY
ATTN: STRGP-F (MR ASHBROOK)
STRGP-FE, BLDG 85-3
STRGP-FT
NEW CUMBERLAND PA 17070-5008

HQ, DEPT. OF ARMY
ATTN: DAEN-DRM
WASHINGTON DC 20310

CDR
US ARMY RES & STDZN GROUP
(EUROPE)
ATTN: AMXSN-UK-RA (DR OERTEL)
AMXSN-UK-SE (LTC NICHOLS)
BOX 65
FPO NEW YORK 09510

CDR

US ARMY FORCES COMMAND

ATTN: AFLG-REG
AFLG-POP

FORT MCPHERSON GA 30330

CDR
US ARMY BALLISTIC RESEARCH LAB
ATTN: SLCBR-VL-S

SLCBR-LB-D (DR MENNE)
ABERDEEN PROVING GROUND MD
21005-5006

CDR

US CENTRAL COMMAND

ATTN: CINCCEN/CC J4-L

MACDILL AIR FORCE BASE FL 33608

CDR

US ARMY ABERDEEN PROVING
GROUND

ATTN: STEAP-MT-U (MR DEAVER)

ABERDEEN PROVING GROUND MD

21005

BFLRF No. 210

CDR
US ARMY YUMA PROVING GROUND
ATTN: STEYP-MT-TL-M

1 (MR DOEBBLER) I
YUMA AZ 85364-9130

PROJ MGR, BRADLEY FIGHTING
VEHICLE SYS
ATTN: AMCPM-FVS-M 1
1 WARREN MI 48397

1 CDR
CHEMICAL R&D CENTER
ATTN: SMCCR-MMS 1
ABERDEEN PROVING GRD MD

1 21010-5423

PROG MGR, M113 FAMILY OF VEHICLES
ATTN: AMCPM-M113-T l
WARREN MI 48397

l PROJ MGR, MOBILE ELECTRIC POWER

[ ATTN: AMCPM-MEP-TM 1
7500 BACKLICK ROAD
SPRINGFIELD VA 22150

PROJ OFF, AMPHIBIOUS AND WATER
CRAFT
1 ATTN: AMCPM-AWC-R 1
1 4300 GOODFELLOW BLVD
ST LOUIS MO 63120

CDR

US ARMY EUROPE & SEVENTH ARMY
1 ATTN: AEAGG-FMD 1
1 AEAGD-TE 1

APO NY 09403

CDR

US ARMY RESEARCH OFC

ATTN: SLCRO-ZC 1
1 SLCRO-EG (DR MANN) [

p—

SLCRO-CB (DR GHIRARDELLI)
P O BOX 12211
RSCH TRIANGLE PARK NC 27709-2211

PROG MGR, TACTICAL VEHICLE
1 ATTN: AMCPM-TV 1
WARREN MI 48397
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CDR HQ, US ARMY T&E COMMAND e
TRADOC COMBINED ARMS TEST ATTN: AMSTE-TO-0O 1 KRG
ACTIVITY AMSTE-CM-R-O 1 NI
ATTN: ATCT-CA 1 AMSTE-TE-T (MR RITONDO) | -'ﬂ
FORT HOOD TX 76544 ABERDEEN PROVING GROUND MD S~
X 21005-5006 NAYS
CDR ey
US ARMY LEA CDR, US ARMY ARMAMENT MUNITIONS .':';ix.‘l
ATTN: DALO-LEP 1 & CHEMICAL COMMAND ARMAMENT Nla
NEW CUMBERLAND ARMY DEPOT RESEARCH & DEVELOPMENT CTR b
NEW CUMBERLAND PA 17070 ATTN: AMSMC-LC 1 ROt
AMSMC-SC 1 e
CDR DOVER NJ 07801-5001 N
US ARMY GENERAL MATERIAL & ORI
PETROLEUM ACTIVITY CDR, US ARMY TROOP SUPPORT .‘,g.,).;
ATTN: STRGP-FW (MR PRICE) 1 COMMAND .
BLDG 247, DEFENSE DEPOT TRACY ATTN: AMSTR-ME 1
TRACY CA 95376 AMSTR-S 1
AMSTRE-E 1
PROJ MGR, LIGHT ARMORED VEHICLES 4300 GOODFELLOW BLVD
ATTN: AMCPM-LA-E 1 ST LOUIS MO 63120-1798
WARREN M1 48397
CDR
CDR CONSTRUCTION ENG RSCH LAB
US ARMY ORDNANCE CENTER & ATTN: CERL-EM 1
SCHOOL CERL-ZT 1
ATTN: ATSL-CD-CS 1 CERL-EH !
’ ABERDEEN PROVING GROUND MD P O BOX 4005
21005 CHAMPAIGN IL 61820
CDR TRADOC LIAISON OFFICE
US ARMY FOREIGN SCIENCE & TECH ATTN: ATFE-LO-AV 1
CENTER 4300 GOODFELLOW BLVD
ATTN: AMXST-MT-I ] ST LOUIS MO 63120-1798
AMXST-BA 1
FEDERAL BLDG HQ
CHARLOTTESVILLE VA 22901 US ARMY TRAINING & DOCTRINE CMD
ATTN: ATCD-SL-5 (MAJ JONES) !
CDR FORT MONROE VA 23651-5000
AMC MATERIEL READINESS SUPPORT
ACTIVITY (MRSA) DIRECTOR =
ATTN: AMXMD-MO (MR BROWN) 1 USARMY RSCH & TECH LAB AN
LEXINGTON KY 40511-5101 (AVSCOM)
PROPULSION LABORATORY RS
PROJECT MANAGER, LIGHT COMBAT ATTN: SAVDL-PL-D (MR ACURIO) I RN
- VEHICLES 21000 BROOKPARK ROAD g
ATTN: AMCPM-LCV-TC ] CLEVELAND OH 44135-3127 —
WARREN, MI 48397 ',:_';\;‘,:
et N
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5
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CDR

US ARMY NATICK RES & DEV LAB

ATTN: STRNA-YE (DR KAPLAN)
STRNA-U l

NATICK MA 01760-5000

P d
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Lo
Cad

P

—

CDR

US ARMY TRANSPORTATION SCHOOL
ATTN: ATSP-CD-MS (MR HARNET) 1
FORT EUSTIS VA 23604-5000

PROJ MGR, PATRIOT PROJ OFFICE
ATTN: AMCPM-MD-T-C l
U.S. ARMY MISSILE COMMAND
REDSTONE ARSENAL AL 35898

CDR
US ARMY QUARTERMASTER SCHOOL
ATTN: ATSM-CD 1
ATSM-TD
ATSM-PFS l

FORT LEE VA 23801

HQ, US ARMY ARMOR CENTER AND
FORT KNOX

ATTN: ATSB-CD i

FORT KNOX KY 40121

CDR
COMBINED ARMS COMBAT
DEVELOPMENT ACTIVITY
ATTN: ATZL-CAT-E i
ATZL-CAT-A 1
FORT LEAVENWORTH KA 66027-5300

CDR

US ARMY LOGISTICS CTR

ATTN: ATCL-MS (MR A MARSHALL)
ATCL-C l

FORT LEE VA 23801-6000

—

PROJECT MANAGER

PETROLEUM & WATER LOGISTICS
ATTN: AMCPM-PWS 1
4300 GOODFELLOW BLVD

ST LOUIS MO 63120-1798

DIR

US ARMY MATERIAL TECHNOLOGY LAB

ATTN: SLCMT-M I
SLCMT-O I

WATERTOWN MA 02172-2796

BFLRF No. 210
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PROG MGR, TANK SYSTEMS

ATTN: AMCPM-MIE]1-SM 1
AMCPM-M60 l

WARREN MI 48397

CDR

US ARMY ARMOR & ENGINEER BOARD

ATTN: ATZK-AE-AR l
ATZK-AE-LT 1

FORT KNOX KY 40121

o

CHIEF, U.S. ARMY LOGISTICS "
ASSISTANCE OFFICE, FORSCOM X
ATTN: AMXLA-FO (MR PITTMAN) l 2
FT MCPHERSON GA 30330
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DEPARTMENT OF THE NAVY
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CDR

NAVAL AIR PROPULSION CENTER

ATTN: PE-33 (MR D'ORAZIO) 1
PE-32 (MR MANGIONE) 1

P OBOX 7176

TRENTON NJ 06828

A
vetv,
AR

CDR

NAVAL SEA SYSTEMS CMD

ATTN: CODE 05M4 (MR R LAYNE) l
WASHINGTON DC 20362-5101

CDR

DAVID TAYLOR NAVAL SHIP R&D CTR

ATTN: CODE 2830 (MR BOSMAIJIAN) I
CODE 2759 (MR STRUCKO) 10
CODE 2831 1

ANNAPOLIS MD 21402

CG

FLEET MARINE FORCE ATLANTIC
ATTN: G4 (COL ROMMANTZ) 1
NORFOLK VA 23511

CDR

NAVAL SHIP ENGINEERING CENTER
ATTN: CODE 6764 (MR. BOYLE) 1
PHILADELPHIA PA 19112

PROJ MGR, M60 TANK DEVELOPMENT

ATTN: USMC-LNO

US ARMY TANK-AUTOMOTIVE
COMMAND (TACOM)

WARREN MI 48397
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DEPARTMENT OF THE NAVY
HQ, US MARINE CORPS
ATTN: LPP (MAJ LANG)
LMM/2 (MAJ PATTERSON)
WASHINGTON DC 20380

CDR

NAVAL AIR SYSTEMS CMD

ATTN: CODE 53645 (MR MEARNSYS)
WASHINGTON DC 20361

CDR

NAVAL AIR DEVELOPMENT CTR
ATTN: CODE 60612
WARMINSTER PA 13974

CDR
NAVAL RESEARCH LABORATORY
ATTN: CODE 6170

CODE 6180

CODE 6110 (DR HARVEY)
WASHINGTON DC 20375

CDR

NAVAL FACILITIES ENGR CTR
ATTN: CODE 1202B (MR R BURRIS)
200 STOVAL ST

ALEXANDRIA VA 22322

CDR

NAVAL AIR ENGR CENTER
ATTN: CODE 92727
LAKEHURST NJ 08733

COMMANDING GENERAL

US MARINE CORPS DEVELOPMENT
& EDUCATION COMMAND

ATTN: DO74 (LTC WOODHEAD)

QUANTICO VA 22134

OFFICE OF THE CHIEF OF NAVAL
RESEARCH

ATTN: OCNR-126 (MR ZIEM)

ARLINGTON, VA 22217-5000

CHIEF OF NAVAL OPERATIONS
ATTN: OP 413
WASHINGTON DC 20350

LIPS IR S T P PR T T e YO PO L TE T T e
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LY

CDR

NAVY PETROLEUM OFC
ATTN: CODE 43 (MR LONGQG)
CAMERON STATION
ALEXANDRIA VA 22304-61830

DEPARTMENT OF THE AIR FORCE

HQ, USAF
ATTN: LEYSF (COL LEE)
WASHINGTON DC 20330

HQ AIR FORCE SYSTEMS CMD
ATTN: AFSC/DLF (MAJ VONEDA)
ANDREWS AFB MD 20334

CDR

US AIR FORCE WRIGHT AERONAUTICAL

LAB

ATTN: AFWAL/POSF (MR CHURCHILL) 1

AFWAL/POSL (MR JONES)
AFWAL/MLSE (MR MORRIS)
AFWAL/MLBT (MR SNYDER)

WRIGHT-PATTERSON AFB OH 45433

CDR
SAN ANTONIO AIR LOGISTICS
CTR
ATTN: SAALC/SFT (MR MAKRIS)
SAALC/MMPRR
KELLY AIR FORCE BASE TX 78241

CDR
WARNER ROBINS AIR LOGISTIC
CTR

ATTN: WRALC/MMTYV (MR GRAHAM)

ROBINS AFB GA 31098

CDR

USAF 3902 TRANSPORTATION
SQUADRON

ATTN: LGTVP (MR VAUGHN)

OFFUTT AIR FORCE BASE NE 68113

CDR

HQ 3RD USAF

ATTN: LGSF (CPT HEWITT)
APO NEW YORK 09127

BFLRF No. 210
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DET 29 i
ATTN: SA-ALC/SFM 1 RS
CAMERON STATION Y
ALEXANDRIA VA 22314 S
o

9 S‘.. ':

OTHER GOVERNMENT AGENCIES :.;a‘..:'x
NATIONAL AERONAUTICS AND .
SPACE ADMINISTRATION ERPON
VEHICLE SYSTEMS AND ALTERNATE AN
FUELS PROJECT OFFICE 2l
ATTN: MR CLARK 1 P
LEWIS RESEARCH CENTER ORrS
CLEVELAND OH 44135 |
RN

DEPARTMENT OF TRANSPORTATION ;:;.;:_-.f.;‘.
FEDERAL AVIATION ADMINISTRATION R
ATTN: AWS-110 1 SN

800 INDEPENDENCE AVE, SW
WASHINGTON DC 20590

US DEPARTMENT OF ENERGY
CE-151

ATTN: MR ECKLUND
FORRESTAL BLDG.

1000 INDEPENDENCE AVE, SW
WASHINGTON DC 20585

ENVIRONMENTAL PROTECTION
AGENCY

AIR POLLUTION CONTROL

2565 PLYMOUTH ROAD

ANN ARBOR MI 48105

BFLRF No. 210
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